ABBREVIATIONS
INTERPRETATION APOE2 and APOE4 genotypes are relevant risk factors for IVH in infants born preterm. Our findings improve our understanding of the genetic contributions to IVH.
The World Health Organization define preterm birth as any birth before 37 completed weeks of gestation. This is further subdivided on the basis of gestational age into extremely preterm (<28wks), very preterm (28 to <32wks), and moderate preterm (32 to <37wks). 1 Infants born preterm have an increased risk of intraventricular haemorrhage (IVH) because of a high friability of capillaries in the germinal matrix accompanied by the inability to autoregulate cerebral blood flow. During brain growth, neurons and glial cells arise from this vulnerable area and, hence, IVH can lead to disruption of normal brain development. 2 Therefore, infants born preterm frequently show a reduction in brain volume and changes in the ultrastructure of white and grey matter. 3 At the cellular level, brain development in infants born preterm is affected by an abnormal growth and delay in maturation of neurons and oligodendrocytes. 4 Consequently, altered brain maturation in these infants is related to neurocognitive disturbances with signs of motor, cognitive, or behavioural impairment. 5 Several studies have suggested that individual susceptibility to injuries or events during prematurity may vary, and the role of genes involved in brain growth and function in this regard has therefore recently attracted attention. 6 In a study by Ad en et al., 7 genes related to coagulation, inflammation, and vascular pathways were explored, demonstrating significant associations between IVH and prematurity. Nevertheless, only methylenetetrahydrofolate reductase was found to be more prevalent in cases with IVH, emphasizing the need for comprehensive genetic testing in infants born preterm. 7 Hence, the search for genetic factors that predispose to neurological impairment and augmented susceptibility to IVH is important, potentially leading to novel preventive or therapeutic interventions. 8 Studies in adults suggest that apolipoprotein E (ApoE) genotypes APOE4 and APOE2 are both associated with lobar haemorrhage in an additive fashion. 9 APOE has three distinct alleles (e2, e3, and e4) at a single gene locus, with six possible genotypes well described in humans. 10 The APOE allele frequencies in white people are 7% (e2), 78% (e3), and 15% (e4); however, these allelic frequencies vary significantly among different geographical or ethnic populations.
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APOE codes for ApoE, a 299-amino-acid protein with three common isoforms. Although first studied in the context of cholesterol metabolism, ApoE is an intracellular cholesterol and fatty acid transport protein that has an important role in the maintenance of neuronal metabolism. 12 In addition, it is synthesized in astrocytes, microglia, and in neurons under conditions of stress; 13 numerous functions have been attributed to ApoE including promoting neuronal repair processes 14 and mediating brain inflammatory responses. 15 In adults, of the three major polymorphic forms of APOE, the APOE-e2 and APOE-e4 alleles are more often associated with an increased risk of brain haemorrhage and adverse neurodevelopmental phenotypes; whereas the APOE-e3 allele is considered neutral. 16 However, among infants born preterm, the evidence for an effect of genetic variants of APOE on brain vulnerability is not clear. In a study by Blackman et al., 17 no significant relationship was found between the three APOE alleles and developmental outcomes or brain magnetic resonance imaging (MRI) findings. Instead, a study of individuals with spastic cerebral palsy described a higher prevalence of the APOE2 genotype. 18 Whether intrinsically APOE-mediated functions contribute to augmented risk and severity of IVH in infants born preterm remains an open question. Considering this, we conducted a large prospective multicentre cohort study on APOE genotype as a susceptibility factor in IVH of infants born very preterm.
METHOD Study population
The German Neonatal Network is a prospective multicentre cohort study of infants born preterm with a birthweight below 1500g, which is supported by the German Federal Ministry of Research and Education. Improvement of the long-term outcome of infants born preterm is the major aim of the German Neonatal Network. We analysed infants with a gestational age between 22 weeks and 31 weeks 6 days, and a birthweight less than 1500g who were enrolled from 53 German neonatal intensive care units between 2009 and 2014. Antenatal and postnatal clinical data were documented on standardized data sheets during the hospital course of the patients. Data quality was ensured by regular on-site monitoring done by physicians of the central office of the German Neonatal Network at the University of L€ ubeck. Clinical data were coded and entered into a central database. Written informed consent for sample and data collection and publication of the results was given by parents of all participating infants. The study was approved by the ethics committee of the University of L€ ubeck and by the ethics committees of all participating hospitals and universities.
Assessment of phenotype
IVH was per definition any bleeding into the cerebral germinal matrix or the ventricles. Cases were examined upon blinded cranial ultrasonography and met the following criteria of the staging of Volpe: grade I was defined as localized bleeding in the germinal matrix; blood filling up to 50% of a ventricle (grade II); blood filling more than 50% of a ventricle (grade III); and IVH of any stage with additional periventricular haemorrhagic infarction (grade IV). 19 Periventricular leukomalacia (PVL) was defined as parenchymal cystic lesions in the periventricular region. Any time point, when IVH or PVL was diagnosed, was included in the analysis. Infants born preterm with a birthweight less than the 10th centile were defined as small for gestational age. 20 Genotyping DNA samples were extracted from buccal swabs or umbilical cord tissue according to standard procedures (Qiagen blood and tissue kits, Hilden, Germany) and stored at À20°C at the University of L€ ubeck. DNA samples of infants who were born and discharged between January 2009 and December 2014 were tested. The single nucleotide polymorphisms rs429358 and rs7412 were genotyped using an allelic discrimination assay (Custom TaqMan MGB, Applied Biosystems, Foster City, CA, USA).
Statistical analysis
Data analysis was performed using the SPSS software package, version 22 (IBM Corp., Armonk, NY, USA). IVH grades III and IV were defined as the primary outcome measures. The p values were calculated separately for APOE2 versus APOE3 and APOE4 versus APOE3 genotypes. Since two genetic variants were tested, the significance level was set to less than 0.05 with adjustments for two tests by Bonferroni-Holm. Furthermore, we tested an additive model as adult data suggest a dose-dependent effect of both polymorphisms. This and all other p values are descriptive and were analysed by a v 2 test, Fisher's exact test, and logistic regression analysis where appropriate. All p values given are two-sided.
RESULTS

Clinical data
A total number of 7952 infants were successfully genotyped for both variants. Clinical data stratified for the APOE genotype are given in Table I . Infants carrying the APOE2 genotype had a significantly lower rate of being small for gestational age. We confirmed that the APOE3 genotype is less common in white people. No other differences in baseline data were observed.
APOE genotype in relation to IVH and PVL IVH grade III or IV occurred in 502 (6.3%) of 7952 infants. Rates for IVH III or IV were significantly lower in infants carrying the APOE3 genotype than in those with the APOE2 and APOE4 genotype (Table II) . The odds What this paper adds
• In infants born preterm, APOE2 and APOE4 genotypes are associated with intraventricular haemorrhage (IVH).
• Two harmful gene copies further increase the risk of IVH.
• APOE2 genotypes were at highest risk for severe IVH.
ratio (OR) for APOE2 compared with APOE3 carriers was 1.4 (95% confidence interval [CI] 1.1-1.9), and 1.4 (95% CI 1.1-1.7) for APOE4 compared with APOE3. As in adults, we observed a dose-response relationship. Infants with no APOE2 or APOE4 polymorphism, who by definition carried the APOE3/APOE3 haplotype, had the lowest rate of IVH III or IV (281/5075, 5.5%). Infants with one APOE polymorphism (haplotype APOE2/APOE3 or APOE3/APOE4) had an increased risk for IVH II or IV (193/2556, 7.6%; OR 1.39, 95% CI 1.15-1.69, p=0.001). Infants with two APOE polymorphisms (haplotypes APOE2/APOE2, APOE4/APOE4, or APOE2/APOE4) had the highest risk for IVH grade II or IV (28 of 321, 8.7%; OR 1.63, 95% CI 1.09-2.45, p=0.018).
It was unexpected that infants with the APOE2 genotype also had a higher rate of PVL (Table II ). Since that might be related to IVH, we reanalysed the association between APOE and PVL only for infants without IVH. However, the association between APOE2 and PVL persisted (PVL rates: APOE3 49/4187, 1.2%; APOE2 18/771, 2.3%; p=0.016, Fisher's exact test).
IVH occurred in 1456 infants. Germinal matrix haemorrhage (IVH grade I) was the most common subtype (40.4%, 588/1456). Frequencies for more severe subtypes of IVH were 25.1% grade II, 18.5% grade III, and 20.1% grade IV. The extent of bleeding stratified for APOE genotype is given in Figure 1 . 
Clinical risk factors for IVH
To assess the effect of clinical risk factors associated with IVH, we used a previously described logistic regression model assessing genetic risk factors for IVH. 6 This model included gestational age, antenatal steroid treatment, 5-minute Apgar scores less than 3, intubation, and pneumothorax as independent clinical factors. 6 Furthermore, we added small for gestational age, multiple birth, sex, and maternal descent as independent factors, because they are either known risk factors for IVH 21 or are associated with APOE genotype. 22 The association between APOE2/ APOE4 genotype and IVH grades III or IV persisted (Table III) .
Since gestational age and antenatal steroid treatment were important predictors of IVH grade III and IV, we assessed the added effect of APOE alleles (Fig. 2) . Although the effect size of APOE2 and APOE4 genotypes seemed much higher in infants born preterm without antenatal steroids, no significant differences were observed, which was probably because of the small numbers of patients in these subgroups. 
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DISCUSSION
The heritability of adult intracerebral haemorrhage has been estimated at 44%. APOE2 and APOE4 are the two most likely candidates for variants that increase the risk of haemorrhage. 23 We were able to confirm these reported risk factors for lobar intracranial haemorrhage in adults in a large cohort of infants born preterm as a risk factor for severe IVH. The effect sizes of APOE2 and APOE4 in the development of intracranial haemorrhage are moderate, which is true for most genetic risk factors. Despite this limitation, our finding has several implications. In contrast to adults, the time of intracranial bleeding in infants born preterm is highly predictable. Almost all IVH in infants born preterm occurs within the first few days of life. This offers the possibility for increased awareness, resulting in special neonatal care such as closer blood pressure and coagulation monitoring. Further, upon availability, prophylactic neuroprotective treatment for subgroups with extremely high risk for severe IVH can be initiated. In addition, infants born preterm are already kept in an intensive care setting, offering sufficient resources for rapid genotyping and personalized treatment.
In adults with lobar intracranial haemorrhage, the exact mechanism how APOE2 and APOE4 increase the risk of lobar haemorrhage is unknown. APOE is involved in the transport of lipid soluble vitamin K, and patients with APOE2 or APOE4 genotypes are at particular risk for warfarin-related intracerebral haemorrhage. 24 Involvement of vitamin-K-dependent pathways in the pathogenesis of IVH in infants born preterm is reasonable, since neonates have a depletion of vitamin K, and all infants born preterm receive large doses of vitamin K immediately after birth, which might be not effective in all patients. A Cochrane review did not support an effect of antenatal vitamin K given to women before preterm birth to prevent periventricular haemorrhage. 25 Vascular degenerative disorders such as cerebral amyloid angiopathy related to APOE2 and APOE4 are also discussed as precursors of intracranial haemorrhage and Alzheimer disease. 26 Although degenerative vascular disorders are not expected to occur in infants born preterm, underlying causes of degenerative vascular disorders in the elderly and IVH in infants born preterm might be similar (e.g. insufficient basal membrane). MRI in 2-to 6-month-old infants with the APOE4 genotype showed lower myelin water fraction (an indicator of white matter myelin content) than in those without the APOE4 genotype, suggesting very early effects of APOE variants. 27 The extent of intracerebral haemorrhage in relation to APOE genotype was extensively studied in adults. Each copy of the APOE2 allele increased haematoma size by 5.3ml. 9 In infants born preterm, we observed a similar trend towards more severe bleeding in carriers of APOE2. We were able to confirm previously described risk factors for IVH grades III and IV. 6 In our cohort, gestational age, antenatal steroid treatment, mechanical ventilation, and pneumothorax were the most important modifiers of IVH grades III and V. Genetic testing in association with IVH in infants born preterm was conducted previously. 6 Nevertheless, strong evidence for a link between IVH and genes related to coagulation, inflammation, and vascular pathways could not be identified. 7 Here, for the first time to our knowledge, we have described a significant relationship between IVH and APOE2 and APOE4 alleles.
Our study has several limitations. The p values did not reach genome-wide significance. Therefore, additional confirmatory studies with similar size and setup are needed. Furthermore, maternal APOE genotyping will be helpful in assessing possible antenatal risks of APOE. Finally, longterm follow-up data of infants stratified for APOE genotypes will be very important because adult data suggest that at least the APOE2 genotype is associated with poorer functional outcomes in adults with intracerebral haemorrhage. 28 We were able to confirm the most important genetic risk factor for adult intracerebral haemorrhage in preterm infant IVH, improving our understanding of the genetic contributions to IVH. These data support the view that APOE2 and APOE4 genotypes are relevant risk factors, not only for adult diseases such as lobar intracranial haemorrhage and Alzheimer disease but that they might also modify the development and course of early brain damage and long-term recovery in infants born preterm. Finally, such data raise the question whether neuroprotective measures for adult diseases should start in infancy.
